Abstract: A new channel estimation method is proposed based on fast orthogonal frequency-division multiplexing (FOFDM), which can be effectively used in our experiment based on intensity modulation and direct detection. In this experiment, the FOFDM subcarrier channel spacing is half of the symbol rate. The spectral efficiency of FOFDM is twice as large as that of OFDM, which can also be verified in our experiment.
Introduction
Orthogonal frequency division multiplexing (OFDM) has higher spectral efficiency, strong antiinterference ability, etc., which make it widely used in optical fiber communication. Several novel key techniques attract a lot of people to study in optical OFDM communication networking. Applying pre-emphasis to resist frequency fading in OFDM radio over fiber (OFDM-RoF) system [1] and improving the robustness to synchronization timing errors with windowing technique for OFDM-RoF system [2] have been theoretically and experimentally investigated. Reducing the peak to average power ratio (PAPR) of OFDM signal in OFDM-RoF system [3] , reception of high capacity real-time optical OFDM communication system [4] , and OFDM signal used in visible light system [5] have been experimentally demonstrated. In the research on OFDM, training sequence is often used to synchronize and then use it to estimate the channel response [1] - [5] , [13] . The same method has been used in this paper [13] . Because FOFDM has higher spectral efficiency than OFDM [6] - [12] , it is interesting for us to investigate it. However, due to the different characteristics of OFDM and FOFDM, the technology applied in the OFDM may not be suitable in the FOFDM. Others generally use training sequence to synchronize FOFDM sign and use pilot tones to estimate channel response [6] , [7] . After that using training sequence to synchronize FOFDM and estimate channel response [9] also mentioned in one article, and its training sequence is FOFDM signal. In the research of FOFDM, training sequence is OFDM signal, and using it to synchronize FOFDM and estimate channel response, which has seldom been reported.
In this paper, for the first time to our knowledge, we employ interpolation technology, and these technologies such as training sequence, which is OFDM signal applied in OFDM system as synchronization and channel estimation, can be also used in FOFDM. ) shows the traditional SSB OFDM spectrum and DSB FOFDM spectrum, respectively [10] . For FOFDM signal, although the training sequence is conventional OFDM signal, the data is FOFDM signal. In the frequency domain, OFDM signal and FOFDM signal have the same bandwidth, however, OFDM signal has 256 subcarriers and FOFDM has 512 subcarriers in this investigation. Each carrier carries one symbol information; therefore, the spectral efficiency of FOFDM is twice of that of the conventional OFDM. The sub-carrier spacing of OFDM is twice as large as that of FOFDM, and in our experiment the training sequence is applied to realize the functions of both synchronization and channel estimation. Training sequence is converted from the frequency domain to the time domain through the inverse fast fourier transform (IFFT), and the data is converted from the frequency domain to the time domain through the inverse discrete cosine transform (IDCT). They are in the same channel, so the problem of channel mismatch exists between the training sequence and the data. If AðNÞ is channel response of OFDM signal for the training sequence, and BðNÞ is channel response of FOFDM signal for transmitter data. We have the following equations about AðNÞ and BðNÞ:
Principle
From (2), we take average on two adjacent channel response of AðNÞ in the frequency domain, and we will get the FOFDM channel response of BðNÞ.
Experimental Setup and Results
Fig . 2 shows the experimental setup for the direct-detection 7.5 Gb/s 2ASK-based DSB optical FOFDM system. The FOFDM signal generation and decoding are implemented offline by using MATLAB. Training sequence of the OFDM signal has 256 subcarriers, and 32 cyclic prefixes (CP) is added to combat with the chromatic dispersion (CD), while FOFDM data signal has 512 subcarriers and 64 cyclic prefixes. The transmitted signals are consisted of one training sequence and 128 FOFDM signals. The transmitted FOFDM data signals are generated by implementing serial-to-parallel conversion, single-dimensional mapping (2ASK modulation), 512-point inverse DCT (IDCT), addition of 12.5% CP, and parallel-to-serial conversion. The first subcarrier (DC) was not modulated, allowing for AC-coupled driving amplifiers and receivers, while 384 subcarriers (SC#3-SC#386) were used for data transmission. At the transmitter, the signal is uploaded into an arbitrary waveform generator (AWG, Tektronix 7122 C), and the optical carrier at 1565.34-nm is generated from an external-cavity laser (ECL), which was modulated by the electrical signal from AWG using an MZM. The AWG was operated with a sampling rate of 12 GSa/s and a resolution of 8 bits. The nominal signal line data rate including the CP and the FEC overhead was around 9 Gb/s (12 Â 384/512). The net bit rate was 8 Gb/s (12 Â 384/576) after CP was removed, and7.5 Gb/s when excluding the CP and 7% FEC overhead. The generated optical signal is injected into the EDFA. Then the signal is transmitted over a 20-km SSMF. At the receiver, direct detection is done using PD with 10 GHz bandwidth to transform the optical signals into electrical signals, and then the signals are digitized by a real-time oscilloscope (Tektronix 6804 B) with 20 GSa/s and 8 GHz bandwidth. The captured signal is further processed by off-line DSP, which is approximate inverse process of transmitter. The received signal is estimated for symbol synchronization, which is implemented using crosscorrelation between a local training sequence and received signal, and used to find out the starting position of the training sequence [13] . Fig. 3 shows the performances of the training sequence-based timing synchronization. The training sequence in the time domain transformed to frequency domain through FFT, and it used to calculate the corresponding channel response, which can be easily got by comparing the received the training sequence to the local one. We take average on two adjacent channel response of AðNÞ in the frequency domain, and we will get the FOFDM channel response of BðNÞ. Figs. 4(b) and 4(a) shows the performances of the training sequence-based channel estimation. The received signal is processed by implementing training sequence removal, serial-to-parallel conversion, CP removal, 512-point DCT, singledimensional demapping, and parallel-to-serial conversion. Fig. 5 shows the BER versus the received optical power for the 2 ASK FOFDM in OBTB and 20-km SSMF transmission, respectively. When the received optical power is À3 dBm, the BERs of 7.5-Gb/s signal are 1:64 Â 10 À4 after 20-km transmission and 8:22 Â 10 À5 for OBTB case. When the received optical power is À5 dBm, the BERs of 7.5-Gb/s signal are 1:15 Â 10 À3 after 20-km transmission and 7:40 Â 10 À4 for OBTB. At the FEC limit of 3:8 Â 10 À3 , the received optical power is À6.7 dBm for the OBTB and À5.9 dBm for the 20-km transmission. 20-km SSMF transmission causes 8-dB power penalty at the FEC limit of 3:8 Â 10
À3 . The received 2ASK constellations at the received optical power of À2 dBm and À5 dBm for OBTB and after 20-km transmission are shown in Fig. 6(a)-(d), respectively. From Fig. 6 , when the BER increases, the constellation points on the real axis interfere with each other [6] - [8] . 
Conclusion
In the paper, a novel channel estimation scheme for FOFDM is proposed, and the transmission performance of 2ASK FOFDM signal in the IM/DD transmission system is experimentally demonstrated. By using this scheme, we can use the channel estimation algorithm applied in the OFDM for the FOFDM signal. Although the experiment is based on a DD-O-FOFDM system, which is a very simple system, it is predicted that the proposed scheme is also applicable for coherent optical communication systems, and more key techniques which are used in OFDM can be used in FOFDM.
